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The acrosome reaction in mouse is triggered by a long-lasting calcium signaling produced by a chain of openings of several
calcium channels, a low-voltage-activated (LVA) calcium channel, an inositol trisphosphate receptor (IP3R), and the
store-operated calcium channel TRP2. Since mature sperm cells are refractory to patch clamp experiments, we study the
functional interactions among those sperm calcium channels in spermatogenic cells. We have studied the role of cytosolic
calcium in voltage-dependent facilitation of low voltage-activated calcium channels. Calcium concentration was modified
through the inclusion of the calcium buffers, EGTA and BAPTA, in the recording pipette solution, and by addition of
calcium modulators like thapsigargin and the calcium ionophore A23187. We demonstrate that lowering calcium
concentration below resting level allows to evidence a voltage-dependent facilitation. We also show that LVA calcium
channels present strong voltage-dependent inhibition by thapsigargin. This effect is independent of cytosolic calcium
elevation secondary to calcium store depletion and to the activation of TRP channels. Our data evidence an interesting
functional relationship, in this cell type, between LVA channels and proteins whose activity is related to calcium filling
state of the endoplasmic reticulum (presumably TRP channels and inositol triphosphate receptor). These relationships may
contribute to the regulation of calcium signaling during acrosome reaction of mature sperm cell. © 2002 Elsevier Science (USA)
Key Words: mouse; spermatogenic cells; calcium channel, T-type calcium channel; TRP calcium channel; capacitative
calcium entry; inositol 1,4,5 trisphosphate receptor; acrosome reaction.INTRODUCTION
Calcium is a nonmetabolized second messenger and differ-
ent types of calcium pumps and calcium channels contribute
to regulate its concentration in the cell. There are several
types of calcium channels, as classified by gating stimulus.
Voltage-dependent calcium channels represent one of these
classes. They are opened by depolarization of the plasma
membrane. This relationship between gating and membrane
depolarization is not always perfect since some of the calcium
channels are reluctant to be activated by depolarization.
However, large and short depolarizations to positive potential
or an increase of depolarization frequency are able to move
these channels from a reluctant state to a willing state. This
phenomenon has been termed voltage-dependent facilitation
and was first described in chromaffin cells (Fenwick et al.,
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721982). It was subsequently found in cardiac myocytes, neu-
rons, and in several other cell types (reviewed by Dolphin,
1996). Voltage-dependent facilitation has been explained by
various molecular mechanisms. These include (1) relief of
tonic G-protein inhibition, (2) cAMP-dependent phosphoryla-
tion (Sculptoreanu et al., 1993), or (3) calcium-dependent
biophysical changes (Zygmunt and Maylie, 1990). Voltage-
dependent facilitation allows to increase calcium influx and
calcium signaling when action potential frequency increases.
For instance, the physiological role of facilitation is to increase
the secretion of catecholamin during stress in chromaffin cells
(Artalejo et al., 1990).
Voltage-dependent facilitation has also been described in
rodent spermatogenic cells (Arnoult et al., 1997). In these
cells, facilitation involves low-voltage-activated (LVA) cal-
cium channels and is due to the relief, induced by large
depolarization, of a tonic tyrosine-phosphorylation inhibi-
tion. However, in spite of the existence of a facilitation in
spermatogenic cells, there is no obvious evidence yet for a
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physiological role of either facilitation or tyrosine-
phosphorylation in those cells. This lack of evident physi-
ological role stems from the fact that the resting membrane
potential of these cells is largely depolarized and that LVA
channels are inactivated in these conditions. The same
observation holds true for sperm cells before capacitation
(Arnoult et al., 1999). However, LVA channels acquire a
physiological importance during capacitation since the rest-
ing membrane potential shifts from depolarized toward
hyperpolarized potentials. This shift in membrane potential
clearly represents a first priming step in the activation of
LVA channels. What appears less clear to date is how the
phosphorylation state of the channel evolves during capacita-
tion and subsequently during the beginning of acrosome
reaction. One can only speculate that the dephosphorylation
of LVA channels may represent the second step in the activa-
tion of the channels. In such a scheme, facilitation potentially
represents a mechanism to release the second step of LVA
channel inhibition. LVA channel regulation thus appears as a
central mechanism for the triggering of calcium signaling of
acrosome reaction, which involves two other types of calcium
channels, an IP3R (Walensky and Snyder, 1995) and Trp2
(Jungnickel et al., 2001). Spermatogenic cells are a relevant
system to study mature sperm LVA channel regulation be-
cause (1) spermatogenic cells are suitable for patch–clamp
experiments, whereas it has been impossible so far to record
ionic currents from mature sperm cells (Ren et al., 2001) and
(2) it is suspected that LVA channel properties are identical to
those present in mature sperm cells (Arnoult et al., 1996,
1999; Santi et al., 1996). As ion channels can be controlled by
several additional mechanisms other than simply membrane
potential and phosphorylation/dephosphorylation (Espinosa
et al., 2000; Lopez-Gonzalez et al., 2001), we examined other
forms of LVA channel regulation. A better knowledge of
spermatogenic LVA calcium channel regulations should give
important clues to understand how mature sperm cells con-
trol calcium influx via those channels and then control the
triggering of acrosome reaction.
In this manuscript, we demonstrate that spermatogenic
LVA calcium channels can be facilitated by mechanisms
different than phosphorylation/dephosphorylation. The
second type of facilitation present in this cell type is
regulated by intracellular calcium concentration. We also
show that LVA calcium channels present strong voltage-
dependent inhibition by thapsigargin-induced calcium store
depletion. Calcium increases triggered by permeation
through an ionophore or dialysis from the pipette solution
have no effect. Moreover, dialysis of high concentrations of
EGTA or BAPTA through the pipette is unable to reverse
thapsigargin-induced calcium current inhibition.
Our data evidence in this cell type a unique functional
relationship between LVA and calcium channels whose
activity is related to calcium filling state of the endoplas-
mic reticulum (TRP channels and IP3 receptor), that may
contribute to the regulation of calcium signaling during
acrosome reaction of mature sperm cell.
METHODS
Chemicals
A23187, tyrphostin A47, and thapsigargin (from Calbiochem)
have been dissolved in DMSO. The percentage of contaminant
DMSO in the recording solution never goes above 0.01% v/v.
Control experiments demonstrated that this solvent had no effect
on calcium current amplitude even at concentrations of 0.02%
(n  7; data not shown).
Preparation of Spermatogenic Cells
Seminiferous tubules were isolated from the testes of OF1 mice
(16 weeks old; Iffa Credo, France) and incubated at 37°C for 30 min
in 3 ml of a preservation solution (in mM): NaCl 150, KCl 5, CaCl2
2, MgCl2 1, NaH2PO4 1, NaHCO3 12, D-glucose 11, (pH 7.4)
supplemented with collagenase type IA (1 mg/ml; Sigma). Tubules
were rinsed twice in collagenase-free medium and cut into 2-mm
sections. Spermatogenic cells were individualized by manual tritu-
ration and settled/attached into culture dishes coated with Cell-
Tak (Collaborative Biomedical Products, Bedford, MA). Pachytene
spermatocytes and round spermatids are the prominent cell types
obtained from the diploid meiotic and the haploid postmeiotic
stages of spermatogenesis, respectively. These cells are readily
distinguished based on cellular and nuclear morphology (Romrell
et al., 1976). These stages were thus routinely used for electrophys-
iological recording. However, similar results were obtained with
both stages and the data were pooled for presentation. The ampli-
tude of the current is proportional to the size of the cell, and the
amplitudes vary from 30/50 pA for round spermatids to 80/
150 pA for pachytene spermatocytes.
Electrophysiological Recordings
Ca2 currents were recorded in the whole-cell configuration of
patch–clamp technique and analyzed by using Biopatch (BioLogic,
France). Pipettes were pulled from Corning #7052 glass (Gardner
Glass Co., CA) and fire polished. Pipette resistance was 5–7 M.
Currents were obtained with an Axopatch 200B amplifier (Axon
Instruments). All traces were corrected on-line for leak and capaci-
tance currents, filtered at 2 kHz, and digitized at 10 kHz. Other
details of the voltage protocols were provided in Results. Data are
typically expressed as peak current amplitudes.
The pipette solution was designed to eliminate all K currents
and consisted of the following components (in mM): Cs-glutamate
130, D-glucose 5, Hepes 10, MgCl2 2.5, Mg2ATP 4, EGTA-Cs 10, pH
7.2 (adjusted with CsOH). When different pipette solutions are
used, details are provided in the Results section. For recording
experiments, the preservation solution was changed to a recording
solution that consisted of the following (in mM): NaCl 100, KCl 5,
CaCl2 10, MgCl2 1, TEA-Cl 26, Na-lactate 6, Hepes 10, and
D-glucose 3.3, pH 7.4 (adjusted with NaOH). The cells are isolated
in a 1-ml chamber and perfused at a rate of 4–8 ml/min. All
experiments are performed at room temperature (25°C).
Statistical Studies
When necessary, the data are expressed as the mean  standard
deviation (S.D.) and compared with t-test performed with the
software SigmaPlot (SPSS Inc.).
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RESULTS
Evidence of a New Type of Voltage-Dependent
Facilitation in Spermatogenic Cells
As facilitation can be sustained by many different mecha-
nisms, we studied whether LVA channel facilitation in
spermatogenic cells could be induced by mechanisms dif-
ferent than a phosphorylation/dephosphorylation cycle.
Voltage-dependent facilitation is elicited by pipette so-
lution perfusion. Voltage-dependent facilitation can be
measured by a classical prepulse protocol (Fig. 1A), as
previously described (Arnoult et al., 1997). When this
protocol is applied in spermatogenic cells, immediately
after establishing the patch–clamp whole-cell configura-
tion, 95% of the cells present no voltage-dependent facili-
tation (Fig. 1B). However, voltage-dependent facilitation
appears progressively with a maximum after 5–10 min of
cell perfusion. The average increase in current amplitude
following facilitation was 11.3  6.3% (n  16) after 10
min in whole-cell configuration with a pipette solution
containing 10 mM EGTA. This observation suggests that
voltage-dependent facilitation of LVA channels may be
FIG. 1. Perfusion of pipette solution into the cell induces voltage-dependent facilitation. (A) Voltage protocol used to evidence facilitation
in spermatogenic cells. The cell is maintained at a holding potential of95 mV. The basal current is produced by a depolarization step from
95 to 25 mV. The facilitated current is produced by a 100-ms depolarizing prepulse that is delivered 500 ms prior to an activating
depolarization of similar amplitude to the control step. (B) Time course of appearance of facilitation. t 0 s corresponds to the starting point
of the whole-cell configuration. (Insets) Superimposed traces of basal and facilitated currents 40 and 285 s after membrane breakage. Peak
basal current (F) and peak facilitated current (ƒ).
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under the inhibitory control of a diffusible second messen-
ger that is washed-out by the intracellular dialysis of the
cell.
If this interpretation holds true, it suggests that the
addition of appropriate second messengers in the pipette
solution represents an appropriate mean to counteract the
appearance or properties of voltage-dependent facilitation.
We found that voltage-dependent facilitation is still present
following addition of GTP or cAMP (data not shown).
Moreover, ATP is added in all the pipette solutions used:
solutions containing 10 mM EGTA, 1mM EGTA, and 10
M free calcium. Only the pipette solution containing 10
mM EGTA elicits a voltage-dependent facilitation (see
below). Then, ATP should not interfere on the voltage-
dependent facilitation.
Perfusion-induced voltage-dependent facilitation is not
modulated by tyrosine-kinase inhibitor. A voltage-
dependent facilitation has already been described in sper-
matogenic cells of CD1 mice strain. In OF1 mice strain,
voltage-dependent facilitation appears only with cell dialy-
sis, contrary to what is observed in spermatogenic cells
from the CD1 strain. This difference in behavior of voltage-
dependent facilitation suggests that the mechanisms under-
lying this process are different in these strains. To test this
hypothesis, we tested whether voltage-dependent facilita-
tion of OF1 spermatogenic cells is modulated by tyrphostin
A47, a tyrosine kinase inhibitor which was very potent on
the facilitation in CD1 strain (Arnoult et al., 1997). Figure 2
shows that bath application of 20 M tyrphostin A47 does
not abolish the voltage-dependent facilitation as expected
from our previous report on CD1 strain (n  3). In
CD1-derived spermatogenic cells, the voltage-dependent
facilitation induced by cell-dialysis has not been evidenced,
probably owing to the fact that it is hidden by the large
dephosphorylation-induced potentiation.
Effects of Cytoplasmic Calcium Modulators on
Voltage-Dependent Facilitation
Free cytoplasmic calcium concentration modulates LVA
voltage-dependent facilitation. We further investigated
why cell dialysis induces voltage-dependent facilitation in
spermatogenic cells. Cytoplasmic calcium is known to
modulate voltage-dependent facilitation of calcium chan-
nels in cardiomyocytes (Fedida et al., 1988). In order to
study whether calcium may affect calcium currents and
facilitation, we altered cytoplasmic calcium level by chang-
ing the EGTA concentration in the pipette solution. We
measured voltage-dependent facilitation with either 1 or 10
mM EGTA concentration in the pipette solution. Clearly,
the level of voltage-dependent facilitation is proportional to
EGTA concentration (Fig. 3). As described previously in Fig.
1, cell perfusion with 10 mM EGTA in the pipette induces
a significant rise in voltage-dependent facilitation (11.3 
6.3%, n  16) after 10 min of dialysis. A similar experiment
with 1 mM EGTA produces a smaller facilitation (5.3 
7.1%, n  11), demonstrating that free calcium concentra-
tion probably acts as an inhibitor of facilitation, calcium
FIG. 2. Voltage-dependent facilitation induced by cell dialysis is not modulated by tyrphostin. Bath application of 20 M tyrphostin A47
(black bar) at t  450 s after membrane breakage does not prevent facilitation. t  0 s corresponds to the starting point of the whole-cell
configuration. Representative experiment of n  3. Same voltage protocol to evidence facilitation as indicated in Fig. 1. Peak basal current
(F) and peak facilitated current (ƒ).
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concentration in the pipette solution increasing 10-fold
from 0.2 to 2.6 nM with 10 mM EGTA and 1 mM EGTA,
respectively. Free Ca2 concentrations have been deter-
mined with the Alex program (Vivaudou et al., 1991),
assuming a concentration of total contaminant calcium of
25 M in solutions deprived of nominal calcium salts. If,
as admitted, free ion concentrations in cells are close or at
least proportional to those of the pipette solution, these
concentrations are well below the basal calcium concentra-
tion that is assumed to be 100 nM in spermatogenic cells
(Trevino et al., 1998) and then unusual for a calcium-
dependent event. However, we are studying a phenomenon,
which occurs during calcium channel openings: the cal-
cium concentration in the vicinity of the channel should
transiently rise to unknown and more physiological levels
because the buffering of calcium by EGTA is slow. Then,
one should not infer Kd values from the values of free
calcium concentrations in the pipette solution and evi-
dence of voltage-dependent facilitation is rather due to a
difference in buffering capacity when pipette solution
changes from 1 to 10 mM EGTA.
Thapsigargin modulates LVA voltage-dependent facili-
tation. The results obtained with EGTA suggest that
increased cytosolic calcium concentration can inhibit
voltage-dependent facilitation. We next determined
whether calcium elevation by another mean than a change
in EGTA concentration in the pipette could also affect
facilitation. Thapsigargin is known to produce a sustained
increase in calcium concentration in spermatogenic cells
(Trevino et al., 1998). Thapsigargin (10 M) was added in
the bath solution at least 30 min before recording. Figure 4A
compares the amount of facilitation produced in these cells
in the absence and presence of thapsigargin, respectively.
Whereas a facilitation clearly developes over 10 min, thap-
sigargin produces a voltage-dependent inhibition immedi-
ately present after breaking the seal; inhibition that is
maintained over the 10-min recording period. On average,
the prepulse produced a decrease of 26.2  19.2% (n  8,
t  0 min) and 27.0  14.0% (n  5, t  10 min) in the
presence of thapsigargin compared with an increase of 2.1
6.7% (n  16, t  0 min) and 11.3  6.3% (n  16, t  10
min) in untreated cells. Lower concentration of thapsigar-
gin (1 M) produces an inhibition of the prepulse treated
current as well (data not shown). However, the extent of
inhibition is lower with 1 M thapsigargin (14.2  6.6%
(n  8) instead of 26.2  19.2% for 10 M thapsigargin, at
t  0).
This decrease in current amplitude is really triggered by
the prepulse protocol itself since application of thapsigargin
has no effect on the amplitude of the second depolarization-
induced current in the absence of a prepulse (Fig. 4B). The
recordings made on current amplitude at t  0 and 10 min
demonstrate that the inhibition in current amplitude pro-
duced by the prepulse in the presence of thapsigargin does
not evolve with cell dialysis (Fig. 4A). This suggests that
EGTA dialysis of the cell has no effect on the thapsigargin-
induced prepulse inhibition contrary to the facilitation
observed in the absence of thapsigargin. Figure 4C illus-
FIG. 3. Facilitation is a function of EGTA concentration in the pipette solution. Average amount of facilitation in spermatogenic cells is
compared at t  0 (black bars) and 10 min (gray bars) after cell dialysis with two different EGTA concentrations in the pipette. Data with
10 mM EGTA correspond to the mean  S.D. of n  16 different cells obtained from 12 different males and data with 1 mM EGTA
correspond to the mean  S.D. of n  11 different cells obtained from 8 different males. The facilitation between 10 mM EGTA and 1 mM
EGTA is statistically different (*, P  0.05 with t-test).
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trates the time course of the current amplitudes before and
after prepulse in thapsigargin-treated cells during EGTA
dialysis. In agreement with an inhibitory role of a high
cytosolic calcium concentration level on calcium channels,
calcium currents are initially low, then progressively in-
crease indicating the effective dialysis of EGTA and the
efficient cytosolic calcium buffering. In contrast, the inhibi-
tory effect of the prepulse is maintained throughout the
recording period. Moreover, thapsigargin inhibits or masks
the voltage-dependent facilitation induced by EGTA dialy-
sis. The decrease of the amplitude of the current at the end
of the recording period is likely due to the run-down of the
current. However, we did not notice a correlation between
the amplitude of the run-down and the presence of thapsi-
gargin (data not shown). Moreover, we studied the effect of
thapsigargin in the absence of EGTA in the pipette, and we
did record same level of inhibition of the prepulse-treated
current (data not shown). Therefore, the inhibition of the
prepulse-treated current is not due to EGTA.
Figure 5 demonstrates that thapsigargin produces a full
inhibition on the facilitation after 2 min of application on
the cell. Overall, these observations suggest that the effect
of thapsigargin may be a consequence of calcium store-
depletion independently of cytosolic calcium increase.
The thapsigargin effect is not due to a generalized
cytosolic calcium elevation. To evaluate the role of cal-
cium in thapsigargin-induced reduction of the prepulse-
treated current, we tested how voltage-dependent inhibi-
FIG. 5. Time course of the effect of thapsigargin application on voltage-dependent facilitation induced by cell dialysis. Cell is dialyzed
with 10 mM EGTA in the pipette solution. t  0 s corresponds to the starting point of the whole-cell configuration. At t  300 s, bath
perfusion of 10 M thapsigargin (black bar) inhibits voltage-dependent facilitation induced by dialysis. Same voltage protocol to evidence
facilitation as indicated in Fig. 1: Peak basal current (F) and peak facilitated current (ƒ). Representative experiment of n  4.
FIG. 4. Thapsigargin inhibits voltage-dependent facilitation. (A) Average amount of facilitation/reduction in spermatogenic cells in
control condition [10 mM EGTA, at t  0 (black bars) and 10 min (gray bars)] is compared with the prepulse effect in the presence of 10
M thapsigargin. The data are expressed as the mean  S.D. (B) Absence of thapsigargin effect on LVA current amplitude in the absence
of prepulse. (Upper trace) Depolarizations from a holding potential of 95 mV to a test potential of 25 mV; 5-s interval between two
depolarizations. (Lower trace) Corresponding recorded currents. (C) Time course of currents during cell dialysis in the presence of
thapsigargin. Cells have been incubated at least 30 min with 10 M thapsigargin prior to electrophysiological study. t  0 s corresponds
to the starting point of the whole-cell configuration. Representative experiment of n  5. Same voltage protocol to evidence facilitation
as indicated in Fig. 1: Peak basal current (F) and peak prepulse-treated current (ƒ). Recordings presented at the right of the graph are
superimposed current traces obtained at 750 s during the last challenge: basal current (F) and prepulse-treated current (ƒ).
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tion of the calcium current would be modified if cytosolic
calcium was increased by different protocols. First, we
increased cytosolic calcium by dialyzing the cell with a
pipette solution containing 10 M free Ca2. The pipette
solution was designed with Alex program (Vivaudou et al.,
1991) and consisted of the following components (in mM):
Cs-glutamate 140, D-glucose 5, Hepes 10, MgCl2 5, Mg2ATP
3, EGTA-Cs 5, CaCl2 4.95, pH 7.2 (adjusted with CsOH). As
generally accepted, the free calcium concentration in the
cell cytoplasm should reach in about a few tenths of a
second a concentration close to 10 M. This cytoplasmic
calcium increase does neither produce a reduction of the
prepulse treated current (Fig. 6, n  3), even after 10 min of
dialysis, nor a facilitation which was expected since facili-
tation required calcium concentrations be lowered to nano-
molar levels (Fig. 4). In Fig. 6, we also show for comparison
the thapsigargin effect on the prepulse-treated calcium
current. Again, it should be noticed that the calcium
current reduction, induced by thapsigargin, is maintained
throughout the experiment, in spite of the fact that, in these
experiments, cytoplasmic calcium concentration should
decrease since cells are dialyzed with 10 mM EGTA (Fig. 6,
n  5).
In a second set of experiments, we used A23187, a
calcium ionophore, to produce a generalized calcium in-
crease. Contrary to thapsigargin, and like calcium dialysis
through the pipette solution, a 15-min incubation of sper-
matogenic cells with 5 M A23187 before seal breakage
does not produce prepulse-induced inhibition (Fig. 7, n 
5). However, like thapsigargin-treated cells, dialysis of
A23187-incubated cells with EGTA increases the calcium
currents (basal and prepulse-treated) demonstrating that
A23187 was effective in increasing cytosolic calcium con-
centration (Fig. 7).
BAPTA, a fast calcium chelator, does not reverse LVA
voltage-dependent reduction induced by thapsigargin.
From our data, it would appear that the effect of thapsigar-
gin on the prepulse-treated current does not occur through
FIG. 6. Calcium dialysis through the pipette solution has no effect on voltage-dependent facilitation contrary to thapsigargin. The rate of
facilitation/inhibition induced by the prepulse has been measured during calcium dialysis through a pipette solution containing 10 M free
calcium concentration (E, n  3). t  0 s corresponds to the starting point of the whole-cell configuration. In comparison, the rate of
inhibition of prepulse-treated current induced by incubation with 10 M thapsigargin (at least 30 min) is shown (, n  5). Data are
expressed as mean  S.D.
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the bias of a generalized cytosolic calcium increase since
neither 10 M Ca2 in the pipette nor A23187 are able to
reproduce the effect of thapsigargin. However, one may not
rule out that the effect of thapsigargin may be related to a
very localized calcium increase near the LVA channels not
easily mimicked by other calcium elevation means. In order
to test this hypothesis, we studied the effect of BAPTA,
given that the rapid Ca binding by BAPTA is generally used
as a tool to identify local Ca effects (Zong and Hofmann,
1996; You et al., 1997). Figure 8 illustrates the time course
of current amplitude change in thapsigargin-treated cells
during BAPTA dialysis. Dialysis of BAPTA from the pipette
during 7 min was unable to reverse the inhibition of the
prepulse-treated current.
These data suggest that the thapsigargin effect is not
related to cytosolic calcium concentration contrary to the
calcium current facilitation. These data uncover a novel
peculiar relationship between the filling state of internal
calcium stores and LVA channel activity.
DISCUSSION
In this manuscript, we studied the role of cytosolic
calcium in the voltage-dependent facilitation of calcium
channels in spermatogenic cells. We also investigated the
influence of the calcium filling state of the endoplasmic
reticulum on the properties of the LVA channels. Our data
demonstrate that, under basal nanomolar cytosolic calcium
concentrations, a voltage-dependent facilitation of LVA
channels is readily evidenced. Increasing calcium concen-
tration through the use of the A23187 calcium ionophore or
calcium perfusion of the cell through the pipette solution
produces an inhibition of the facilitation. In addition,
incubation of cells with the Ca2-ATPase blocker, thapsi-
gargin, not only occludes the observed facilitation, but also
produces a voltage-dependent inhibition of the LVA cur-
rents.
At the physiological level, LVA channels play a crucial
role in the sperm acrosome reaction. Three different types
of calcium channels are successively activated during
mouse acrosome reaction (Walensky and Snyder, 1995;
O’Toole et al., 2000). Low-voltage activated calcium chan-
nels are the first to be activated (Arnoult et al., 1996, 1999).
Calcium influx through LVA channels is itself required for
the activation of two other calcium channels, an IP3 recep-
tor and a TRP2 channel (Jungnickel et al., 2001). Since the
activation of LVA channels is the initiating event of cal-
cium signaling during acrosome reaction, regulation of
these channels should have a particularly high physiologi-
cal relevance. Curiously, however, little is known on LVA
channel regulation in general and in these cells in particu-
lar. There is no doubt that LVA channels should be as richly
regulated than HVA calcium channels (Catterall, 2000). In
fact, preliminary evidences suggest diverse regulation of
LVA channels. In frog atrial cells, voltage-dependent facili-
FIG. 7. The calcium ionophore A23187 has no effect on voltage-dependent facilitation. Time course of the effect of A23187 incubation
on voltage-dependent facilitation induced by dialysis. Cells have been incubated at least 15 min with 5 M A23187 prior to
electrophysiological study (black bar). t  0 s corresponds to the starting point of the whole-cell configuration. Representative experiment
of n  5. Same voltage protocol to evidence facilitation as indicated in Fig. 1: peak basal current (F) and peak facilitated current (ƒ).
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tation is due to the transient voltage-dependent relief of a
tonic inhibitory G-protein regulation (Alvarez et al., 1996).
In newt olfactory receptor cells, T-type calcium current is
up-regulated by cGMP-dependent phosphorylation (Kawai
and Miyachi, 2001). Tyrosine phosphorylation is also re-
sponsible for a form of voltage-dependent facilitation in
spermatogenic cells of CD1 mice strain (Arnoult et al.,
1997).
In this manuscript, we demonstrate the existence of a
calcium-dependent, voltage-dependent facilitation in sper-
matogenic cells of OF1 mice strain. One of the remaining
questions about this calcium-induced voltage-dependent
facilitation is the physiological role of such phenomena.
Our data illustrate that LVA channel regulation is still
more diverse than expected. At low cytosolic calcium
concentration, LVA channel recruitment is facilitated by
membrane depolarization. This process should facilitate
the contribution of LVA channels to calcium signaling and
the acrosome reaction. At higher concentration, when LVA
channel activation is no longer required, this process is
inhibited. At the molecular level, calcium-dependent facili-
tation is reportedly due to changes in calcium-dependent
inactivation of HVA calcium channels in myocytes (Fedida
et al., 1988). To date, there is no evidence to lead us to
believe that calcium modifies directly inactivation of LVA
channels. Moreover, we did not observe a kinetic difference
in the time course of inactivation of the prepulse-
modulated LVA current (data not shown). Finally, it should
be emphasized that, during the prepulse, no calcium enters
through the LVA calcium channel, since at 60 mV the
current is outward. The molecular mechanism whereby
calcium buffering produces a voltage-dependent facilitation
thus remains to be investigated.
We made a particularly interesting observation through
the use of thapsigargin. Submicromolar thapsigargin inhib-
its a SERCA-type Ca2-ATPase and has two cellular conse-
quences. First, in a short bursting event, it empties the
internal calcium stores for a long period of time. Second, it
activates store-operated channels (TRP channels) leading to
a long-lasting calcium influx from the external medium.
Previous studies demonstrate the presence of various TRP
channels in spermatogenic cells and also that thapsigargin
effectively produces a cytoplasmic calcium increase
(Trevino et al., 1998). In this study, we used 10 M
thapsigargin to get a maximal effect to modulate voltage-
dependent facilitation, since 1 M produces a weaker effect.
In sperm or in spermatogenic cells, such a concentration
appears to be required to get full activation of TRP channels
(Walensky and Snyder, 1995; Jungnickel et al., 2001;
Trevino et al., 1998). Sperm SERCA calcium ATPase may
FIG. 8. BAPTA does not prevent the thapsigargin effect. Time course of the effect of 10 mM BAPTA dialysis on thapsigargin-induced
voltage-dependent inhibition. Thapsigargin (10 M) was added 40 min prior to electrophysiological study. t 0 s corresponds to the starting
point of the whole-cell configuration. n  2 experiments. Same voltage protocol as indicated in Fig. 1: peak basal current (F) and
prepulse-treated peak current (ƒ).
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be less sensitive to thapsigargin than other cell types,
suggesting that they may be encoded by different isoforms.
In our hands, this drug produces not only a loss of voltage-
dependent facilitation but also an inhibition of the current
amplitude that follows the prepulse. We speculate that the
loss of facilitation produced by thapsigargin is related to a
general cytosolic calcium increase presumably following
the activation of TRP channels. Similar absence of facilita-
tion are observed by using A23187 or Ca2-loaded pipettes.
The inhibition of current amplitude that follows the pre-
pulse in the presence of thapsigargin cannot easily be
related to a calcium effect. First, a fast calcium chelator,
such as BAPTA, is unable to reverse the thapsigargin effect
which rules out the possibility that, calcium, entering via
TRP channels located in very close spatial proximity to the
LVA channels, acts as a regulator of LVA channels. Second,
neither A23187 nor increased cytosolic calcium mimic the
effect of thapsigargin. As with the facilitation, prepulse-
induced inhibition in the presence of thapsigargin is not due
to calcium itself. With regards to the molecular mecha-
nisms at stake for the effect of thapsigargin, we are facing a
situation in which calcium is not the contributing factor of
the phenomena observed. It is therefore not excluded that
both the facilitation and the thapsigargin-induced inhibi-
tion share one or several common pathways. This drug has
two major long-lasting molecular effects: the change in IP3
receptor (IP3R) state due to luminal calcium depletion from
the endoplasmic reticulum and activation of TRP channels.
The prepulse-induced current inhibition occurring in the
presence of thapsigargin is also long-lasting suggesting a
direct link between these processes. We can only surmise
that there may be a preferential LVA/IP3R, LVA/TRP or
LVA/TRP/IP3R relationship. Among the various combina-
tions, we favor the first one owing to analogous functional
relationships that have been deciphered between ryanodine
receptors, homologous to IP3R, and voltage-dependent cal-
cium channels both in skeletal muscles (Marty et al., 1994)
and in brain (Chavis et al., 1996). In sperm cells, this
concept of a molecular proximity of these two channel
types is particularly relevant. Indeed, IP3R may be organized
in a microdomain of the acrosome in order to have interac-
tion with some components of the plasma membrane and
this specific membranes organization has already been
suggested for its involvement in TRP channel activation
(Kiselyov et al., 1998; Patterson et al., 1999). This hypoth-
esis may explain why LVA channels play such a crucial role
in the triggering of calcium release via IP3R and acrosome
reaction in sperm cell, in spite of the presence of different
HVA (High-voltage-activated) alpha1 subunits (Wenne-
muth et al., 2000).
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